Introduction
Microsporum canis , a zoophilic dermatophyte, causes infections in cats and dogs and is responsible for most tinea capitis cases in children and tinea corporis in adults. This fungus is the most commonly encountered agent of zoonotic human infection [1, 2] . The M. canis genome has been recently sequenced and the data is publicly available [3] . Although genetic manipulation such as gene disruptions [4] and RNA interference [5] are routinely performed with this dermatophyte , its
Materials and methods
Fungal strain and growth conditions CBS 113480, the reference strain of M. canis used in this study, was obtained from the culture collection of the Centraalbureau voor Schimmelcultures (CBS) Fungal Biodiversity Centre (Utrecht, The Netherlands) and employed due to the fact that its genomic sequence having been determined [3] . To obtain mycelia, the strain was cultured for 10 -12 days at 28 ° C on malt extract agar (MEA; 2% glucose, 2% malt extract, 0.1% peptone, 2% agar, pH 5.7) [10, 11] .
Protoplasting and preparation of intact chromosomal DNA M. canis from eight MEA plates were inoculated into 150 ml of malt extract broth and incubated at 28 ° C for 72 h on an orbital shaker at 250 rpm. The resulting mycelium was harvested by fi ltration and aseptically transferred to 15 ml of lytic solution (600 mg Glucanex, Novo Nordisk Ferment AG, Dittingen, Switzerland, 200 mg lysozyme, Invitrogen, Carlsbad, CA, USA, 50 mM KH 2 PO 4 , pH 7.5 and 0.7 M KCl) and incubated 4-5 hours at 32°C with gentle swirling. The protoplast suspension was fi ltered through glass wool, mixed with an equal volume of ST buffer (0.6 M sorbitol/10 mM Tris.HCL, pH 7.0), and centrifuged at 800 g for 10 min at 4 ° C. The protoplast band was removed by pipette, mixed with an equal volume of STC buffer (1.2 M sorbitol/10 mM Tris.HCl, pH 7.5/10 mM CaCl 2 ), collected by centrifugation, and washed twice in STC buffer. The fi nal pellet was resuspended in GMB buffer (0.9 M sorbitol/0.125 M EDTA, pH 7.5) to a concentration of 10 9 protoplasts/ml. The protoplast suspension was heated to 42 ° C with an equal volume of molten 1.4% InCert agarose (Seaken Gold agarose; FMC BioProducts, Rockland, ME, USA). The agarose/protoplast mixture was poured into a plug mold and solidifi ed at room temperature. Protoplast lysis was induced by adding proteinase K (2 mg/ml) in NDS buffer (0.5 M EDTA, pH 8.0/10 mM Tris-HCl, pH 9.5/1% sodium N-lauroylsarcosinate) at 50 ° C for 72 h. Finally, the plugs were washed three times with 50 mM EDTA (pH 8.0) at 50 ° C followed by one washing at room temperature, and then stored at 4 ° C until assayed.
Pulsed fi eld gel electrophoresis
The DNA-agarose plugs were inserted and sealed into the wells of 0.7% (w/v) agarose gels (Seaken Gold agarose; FMC Bioproducts). Plugs containing Schizosaccharomyces pombe chromosomal preparations (Bio-Rad) were used as size standards. PFGE was performed with the CHEF-DR III system (Bio-Rad, Hercules, CA, USA) using 0.7 ϫ TBE at 14 ° C as follows; 3000 s pulse for 72 h, 2700 s pulse for 72 h, 2200 s pulse for 72 h, 106 ° angle and fi eld strength maintained at 1.4 V/cm. After the run, the chromosomes were stained with ethidium bromide (5 μ g/ml) and photoimaged using the Kodak Digital Science ID image analysis software (Eastman Kodak Co., Rochester, NY, USA).
Detection of telomeres
Total genomic DNA of the CBS 113480 strain was extracted from the mycelia using the conventional phenol-chloroformisopropyl alcohol procedure [12, 13] . To assess the number of telomeres, three restriction endonucleases ( Eco RV, Bam HI, and Pvu II, Invitrogen) that do not cut in the telomeric sequences were used to digest 15 μ g aliquots of M. canis genomic DNA. Digested DNA was electrophoretically separated and subjected to Southern blot analysis using the probe (TTAGGG) 4 , specifi c for fi lamentous fungal telomeres. The probes were radioactively labeled with [ γ 32 P] ATP 6000 Ci/mM (PerkinElmer, Waltham, MA, USA) using T4 polynucleotide kinase (Promega, Madison, WI, USA).
To determine whether the hybridized bands corresponded to sequences at the chromosome termini, genomic DNA was digested with exonuclease Bal 31 (Uniscience do Brasil Ltda. S ã o Paulo, Brazil), which sequentially degrades DNA from the termini, performed in a time course reaction on 15 μ g of M. canis genomic DNA (0, 1, 2, 4, 8, 16 min). Digestions were stopped with the addition of EGTA (ethylene glycol tetraacetic acid, 0.05 M). Each DNA sample was then digested with the Eco RV restriction enzyme. The restricted DNA (control and Bal 31-treated) was size-fractionated on a 1% agarose gel electrophoresis using 1 ϫ TBE (Tris/Borate/EDTA) [13] , and transferred to a Hybond N membrane (GE Healthcare, Waukesha, WI, USA). Digested DNA samples were blotted and hybridized with telomere probes, as described above. After stripping, the membrane was re-probed with the actin gene as a control.
Results

Electrophoretic karyotyping
Intact chromosomes from M. canis strain CBS 113480 were inserted into agarose plugs and resolved by CHEF gel electrophoresis. The molecular size of each band was plotted as a function of the distance of gel migration and compared to the distance migrated by the S. pombe standard markers (Fig. 1A) . We estimated the size of the M. canis chromosomes, in descending order, to be a doublet at 6.2 Mb (chromosomes I and II), 5.7 Mb (chromosome III),
The Southern blots of M. canis DNA cut with Pvu II, Bam HI (not shown) and Eco RV ( Fig. 2A ) and hybridized to the telomeric probe showed 8 -9 bands, representing five chromosomes, the probable number of chromosomes of this fungus. Thus, the number of telomeres revealed by these blots is consistent with that predicted from PFGE separations.
To demonstrate that hybridization signals are located at the chromosome ends, we performed a Bal 31 time course digestion on uncut genomic DNA. The resulting products were digested with Eco RV, separated by agarose gel, blotted and hybridized to the TTAGGG repeats. The resultant hybridization clearly indicated Bal 31 sensitivity of all sequences. The hybridization pattern after digestion for 1 min with Bal 31 was almost identical to that obtained without treatment, but all bands disappeared after digestion for 16 min (Fig. 2B) . In contrast to the telomeric hybridization pattern, the signal from the actin probe, considered to be located on an internal chromosomal position, showed a clear hybridization band, which was not sensitive to Bal 31 treatment (Fig. 2C) .
The discrete nature of the TTAGGG hybridizing bands (Fig. 2B) suggests that native M. canis telomeres are relatively uniform and defi ned in length. Furthermore, at the time of near disappearance of the telomeric DNA bands there was only a small decrease in size compared to the 3.8 Mb (chromosome IV), and 3.0 Mb (chromosome V). The band of 6.2 Mb fl uoresces more intensively following ethidium bromide staining as compared to other bands, suggesting the co-migration of two chromosomes of similar sizes, which indicated the chromosome number in M. canis as fi ve. This hypothesis was confi rmed by quantifying the amount of ethidium bromide fl uorescence in each band (Fig. 1B) , where the 6.2 Mb band had approximately twice the intensity of the 5.7 Mb band. However, several alternative electrophoretic conditions invariably failed to distinguish these two chromosomes. Indeed, this area of the gel is known to be prone to certain physical phenomena that affect accurate size estimation, as it sometimes contains more than one chromosome [9] .
Identifi cation of telomeric repeats sequence in M. canis
To confirm the number of M. canis chromosomes , the total number of telomeres was assessed with the radiolabeled telomere probe (TTAGGG) 4 which was hybridized to digested DNA. Since the restriction endonucleases employed in such experiments do not cut within the telomeric sequence, two hybridization signals should be detected per chromosome. The number of chromosomes in M. canis can be estimated by dividing the number of hybridization signals per digest by two. [14] . Thus, the M. canis telomeric regions were estimated to be 160 bp. However, two telomeric bands presented very low intensity (Fig 2A) , suggesting that at least one M. canis chromosome has shorter telomeres.
Discussion
CHEF gel electrophoresis and telomeric probe hybridization showed that M. canis possess approximately 24.9 Mb distributed over fi ve distinct chromosomes. The full genomic sequence of the same M. canis strain performed by The Broad Institute revealed that length of the complete genome sequence was 23.24 Mb, which was calculated by adding the lengths of all scaffolds together [3] . Knowing the number of chromosomes of this species facilitates the complete assembly of the genomic sequence and will contribute to our understanding of this dermophyte ' s genomic organization. The genomic length of other sequenced dermatophytes contained about 22 -24 Mb [3, 8] , which was smaller than A. nidulans , A. fl avus and A. niger (Ͼ 30Mb) and larger than Ustilago maydis (19.68 Mb) and S. cerevisiae (11.74 Mb) [15] . Chromosome length polymorphisms are common in fungi and variations in the M. canis molecular karyotype may exist among different isolates. Such variability may be a consequence of chromosomal rearrangements such as deletions, duplications and translocations, causing different degrees of virulence in the same species [8] . This variability has been observed in yeast and fi lamentous species such as Penicillium marneffei [9], Cladosporium fulvum [16] , Candida albicans [17] and Septoria nodorum [18] . Although the PFGE technique has some limitations to separate chromosomes greater than 13 Mb or when two or more similar length chromosomes migrate to the same position on the gel, it is useful in fungal epidemiological studies and can help in the molecular characterization of dermatophytes.
Many fi lamentous fungi contain TTAGGG telomere repeats at their chromosome termini. The conservation of telomere sequences among divergent eukaryotes has facilitated telomeric DNA characterization of new species. Telomeric DNA from several organisms has been identifi ed using telomeric repeats from non-related organisms as probes. The (TTAGGG) n motif is found in all major Ascomycete groups, and therefore stands out as the most common and possibly oldest eukaryotic telomere motif [19] . There is a considerable potential for the use of telomeric DNA as a quasi-universal probe for detecting interand intra-specifi c variation in fi lamentous ascomycetes.
The probe, homologous to the 5 ′ (TTAGGG) 4 3 ′ telomere consensus sequence, strongly hybridized with M. canis sequences. Indeed, the TTAGGG repeats (and its complementary sequence AATCCC) were detected at some supercontig termini of the dermatophytes Trichophyton equinum , T. tonsurans , T. rubrum and M. gypseum. In addition, M. canis and T. verrucosum present these repeats at the sub-terminal regions of some supercontigs [3] . The presence of some telomeric-associated sequences, which usually do not cut with restriction enzymes [20] , could explain this result in M. canis . These fi ndings should provide important genomic information for completion of physical maps of these fungi.
The sensitivity to Bal 31 exonuclease demonstrated that the hybridizing bands corresponded to DNA at the chromosome ends, indicating that these sequences were indeed telomeric. The Bal 31-sensitive telomeric regions in M. canis are fairly uniform in length, being about 160 bases, similar to the telomere length in Neurospora crassa , which consists of 27 5 ′ (TTAGGG)3 ′ repeats [21] . In contrast, the Aspergillus nidulans telomere length is strikingly short (4-22 TTAGGG repeats) [22] , which seems similar to that of two M. canis telomeric bands that presented very low radioactivity intensity (Fig 2A) . Indeed, the telomeric regions in some fungi vary considerably in length, ranging from about 100 -600 bases [14] . The M. canis telomeres and other fi lamentous fungi are short in comparison with vertebrates, which exceed in the latter several kilobases (kb) in length (8 -20 kb in humans and up to 150 kb in mice) [20] . Variation in eukaryotic telomere length is common, but the reason for this difference is unclear. Nevertheless, the M. canis telomeres indicate a greater degree of uniformity in native length (Fig. 2B) which indicates that the telomere length is regulated in M. canis .
Briefl y, the chromosome number and genomic size of M. canis was estimated. This knowledge may be useful to complete the assembly of the sequenced genome and for molecular epidemiological investigations. Further studies combining molecular karyotyping with physical mapping should improve our knowledge of the genomic organization in this dermatophyte.
